Abstract A growing body of evidence suggests that a preclinical phase of Alzheimer's disease (AD) exists several years or more prior to the overt manifestation of clinical symptoms and is characterized by subtle neuropsychological and brain changes. Identification of individuals prior to the development of significant clinical symptoms is imperative in order to have the greatest treatment impact by maintaining cognitive abilities and preserving quality of life. Functional magnetic resonance imaging (fMRI) offers considerable promise as a non-invasive tool for detecting early functional brain changes in asymptomatic adults. In fact, evidence to date indicates that functional brain decline precedes structural decline in preclinical samples. Therefore, fMRI may offer the unique ability to capture the dynamic state of change in the degenerating brain. This review examines the clinical utility of blood oxygen level dependent (BOLD) fMRI in those at risk for AD as well as in early AD. We provide an overview of fMRI findings in at-risk groups by virtue of genetic susceptibility or mild cognitive decline followed by an appraisal of the methodological issues concerning the diagnostic usefulness of fMRI in early AD. We conclude with a discussion of future directions and propose that BOLD-fMRI in combination with cerebral blood flow or diffusion techniques will provide a more complete accounting
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by the accrual of neuritic plaques and neurofibrillary tangles that result in a disruption of neuronal function and which causes cognitive and behavioral dysfunction (Braak & Braak, 1991) . Although the progression of the neuropathological changes of AD are not fully known, studies support the notion that medial temporal lobe (MTL) structures such as the hippocampus and entorhinal cortex are involved in the earliest stage of the disease, and that frontal, temporal, and parietal cortices become increasingly affected as the disease progresses (Braak & Braak, 1991; Brewer & Moghekar, 2002) . Consistent with this proposed progression, numerous studies have shown that MTL-dependent episodic memory measures are usually affected earliest in the disease and are quite effective in differentiating between very mildly demented patients with clinically diagnosed AD and normal older adults (Salmon & Bondi, 1999, in press ). As AD progresses, the dementia syndrome is characterized by a prominent amnesia with rapid forgetting of information, marked executive dysfunction, and additional deficits in certain aspects of language, visuospatial abilities, and attention.
Unfortunately, early diagnosis of AD is difficult since neuronal hallmarks are not yet detectable in vivo, although promising advances are being made in imaging the Fig. 1 Proposed model of nonlinear pattern of episodic memory decline during the preclinical period of Alzheimer's disease (adapted from Twamley, Ropacki, & Bondi, 2006 and based on data of Backman et al., 2001; Chen et al., 2001; Lange et al., 2002) underlying pathologic burden in mild cognitive impairment (MCI) and AD (e.g., see Edison et al., 2007; Small et al., 2006) . In addition, in recent years there has been a strong emphasis on identifying preclinical markers of AD, given that pathologic changes begin years to decades before clinical features are apparent, suggesting that a latent phase of the disease exists (Braak & Braak, 1991) . Thus, it is imperative to reliably identify individuals preclinically (i.e., prior to the development of significant clinical symptoms) in order to treat them during a period that will have the greatest impact in maintaining cognitive abilities and ultimately preserving quality of life.
From a neuropsychological perspective, evidence suggests that subtle declines in episodic memory may presage the development of the dementia syndrome associated with AD ( Fig. 1 ; Albert et al., 2001; Bondi et al., 1999; Collie & Maruff, 2000; Grober & Kawas, 1997; Jacobs et al., 1995) . Indeed, subtle deficits in a broad range of neuropsychological domains have been implicated during the preclinical period (see Twamley et al., 2006, for review) , and the combination of visuospatial learning and semantic memory deficits have been found to accurately detect cognitive dysfunction characteristic of preclinical AD (Blackwell et al., 2004) .
Currently the most widely used neuroimaging techniques in clinical practice include structural magnetic resonance imaging (MRI) and positron emission tomography (PET). Structural morphometric analyses reveal relatively consistent reductions in medial temporal lobe volumes in adults with AD and MCI (see Mosconi et al., 2006 for review) . PET metabolic alterations in the temporoparietal cortices and in the posterior cingulate have been reported in MCI and AD (Desgranges et al., 1998; Matsuda, 2001; Reiman et al., 1996; Small et al., 2000a) as well as in nondemented young and middle-aged adults at genetic risk for AD (Reiman et al., 1996 (Reiman et al., , 2005 ; for review, see Petrella et al., 2003; Wolf et al., 2003) . Structural neuroimaging techniques are traditionally favored for their ability to relatively easily rule out potentially treatable causes of cognitive dysfunction such as neoplasms or normal pressure hydrocephalus ). However, evidence reviewed herein indicates that functional brain decline precedes structural decline and thereby suggests that functional magnetic resonance imaging (fMRI) offers considerable promise as a non-invasive technique for detecting such early and oftentimes subtle functional brain changes that occur in asymptomatic adults. Specifically, fMRI may offer the unique ability to capture the dynamic state of change in the degenerating brain. Early detection of such preclinical markers may also facilitate studies of early intervention to slow or prevent disease progression (Petrella et al., 2003) by providing a proxy indicator for the effectiveness of new therapies (Masdeu et al., 2005) . Although the few available pharmacological treatments for AD have limited efficacy (Mayeux & Sano, 1999; Tariot & Federoff, 2003) , preliminary evidence suggests that the greatest benefit is achieved with early introduction of treatments (Tariot & Federoff, 2003; Petersen et al., 2006) . However, at our VA medical center-and likely elsewhere across the U.S.-patients must be diagnosed with dementia and obtain a range of impaired scores on the Mini-Mental State Examination (Folstein et al., 1976 ) to obtain eligibility for initiation of cholinesterase inhibitor (e.g., donepezil) treatment. Therefore, identifying preclinical markers of AD and initiating preventative treatment during this asymptomatic period ultimately may prove more beneficial than current practices.
In an effort to identify functional preclinical markers of AD, much attention has focused on at-risk groups that ostensibly provide a model of possible early pathological changes that predate clinical symptoms. The most commonly studied risk factors for the development of sporadic late-onset AD include genetic susceptibility markers (e.g., possession of the apolipoprotein E epsilon-4 [APOE ε4] allele, positive family history of AD in a first-degree relative) or diagnosis of MCI, traditionally thought to reflect a transitional state between healthy aging and frank dementia (Petersen & Morris, 2005) . Since individuals at genetic risk for AD are typically studied before developing cognitive impairments, the presence of the susceptibility genes are generally thought to reflect presymptomatic AD in but a subgroup of these risk samples, whereas the presence of MCI is thought to have stronger predictive power for conversion to AD and has therefore been described as prodromal AD . That functional brain changes are identified despite obvious a priori commingling of preclinical and disease-free individuals within "risk" groups is compelling and argues for more exacting work in successfully predicting and separating such subgroup risk categories.
Thus, the aims of this review are to provide an overview of findings regarding the functional changes in at-risk adults and in patients diagnosed with AD. We follow with an appraisal of the diagnostic utility of fMRI methods as a clinical tool to detect early AD. Future directions for the clinical use of fMRI will be suggested in the context of integrating the BOLD signal with measures of blood perfusion acquired using arterial spin labeling (ASL) or with diffusion tensor imaging (DTI) techniques to better capture functional neurovascular and neuroanatomic changes associated with preclinical AD.
Functional MRI patterns of activity associated with risk of Alzheimer's disease
In general, fMRI findings of at-risk adults report both increases and decreases in brain activity that vary according to level of risk or cognitive decline. We will attempt to report the general consensus and highlight discrepancies between nondemented low-risk adults (e.g., no copies of the APOE ε4 allele, negative family history for AD), nondemented highrisk adults (e.g., APOE ε4 carriers, positive family history, MCI), and adults with AD. Although our review will focus primarily on APOE-related and family-history associated risk, there is growing recognition of fMRI-based distinctions with a host of risk factors (e.g., brain-derived neurotrophic factor gene Hariri et al., 2003 ], Presenilin gene mutations [Mondadori et al., 2006a] ), and this area will continue to show tremendous growth with the further identification of as yet undiscovered risk factors for AD.
Before proceeding, a brief introduction and discussion of the compensatory hypothesis as an explanation of differential regional activity seen in at-risk groups is warranted. The compensatory hypothesis holds that as AD-related degenerative processes progress the brain employs various compensatory measures to overcome these pathologic encroachments until the decline in cognitive abilities becomes apparent and, ultimately, daily functioning is disrupted. Accordingly, increased functional activity has been interpreted as a compensatory process whereby greater cognitive effort-usually reflected by increases in BOLD activityis required to perform at an equivalent level compared to healthy control groups, and it assumes that enough healthy tissue remains to support performance. Similarly, decreased activity in healthy functioning has been interpreted as evidence of efficient processing (Mondadori et al., 2006b) , whereas decreased activity in neurodegenerative diseases appears to reflect cortical compromise or disconnection.
However, a potential distinction that is often overlooked but may not only clarify discrepant findings but possibly stage disease progression is the ability to differentiate between compensatory "reserve"-that is, increased activity in regions typically involved in cognitive processing in healthy adults-and compensatory "recruitment"-namely, involvement of additional regions not normally activated in healthy individuals (Bookheimer et al., 2000; Petrella et al., 2003) . In the absence of correlations between functional activity and behavioral performance, the assumption that increased activity is inherently beneficial is premature since increased activity may in fact reflect a number of possibilities, including (a) decreased processing efficiency due to disinhibition of nonspecialized networks, (b) inefficient recruitment of specialized neural mechanisms to perform a task, (c) dedifferentiation of function due to reduced cortical specialization of cognitive functions (Li & Lindenberger, 1999; Rajah & Esposito, 2005) , (d) BOLD activity differences in baseline conditions that in turn give rise to differences in functional versus baseline condition contrasts, or (e) disruption of resting state activity irrespective of the particular tasks performed during scanning (Greicius et al., 2004) . We recently reported that increased recruitment of right hemisphere frontal regions in healthy older adults was not universally beneficial to behavioral performance . Taken together, findings across studies auger not only for the correlation between BOLD response and behavioral performance, but also for sensitivity to the nature of the atypical patterns of activity in the interpretation of regional differences in functional activity between groups. fMRI in cognitively intact adults at risk for AD by virtue of the APOE ε4 allele
The apolipoprotein E ε4 allele on chromosome 19 is a wellknown susceptibility gene for late-onset AD, presumably due to its association with small vessel arteriolosclerosis, microinfarcts of the deep nuclei, neuritic plaque density, and amyloid angiopathy in autopsy-confirmed patients with AD (Yip et al., 2005; Tiraboschi et al., 2004) . However, the ε4 allele has been shown to have relatively low positive predictive value for the diagnosis of AD (Devanand et al., 2005; Slooter et al., 1996) and accounts for less than 40% of AD cases (Saunders et al., 1993) . Although individuals who possess the ε4 allele have been termed "presymptomatic" and are typically studied while still cognitively intact , our neuropsychological studies have demonstrated that nondemented older adults who are at risk for developing AD by virtue of the APOE ε4 allele perform below those without this risk factor on tests of episodic memory. Episodic memory measures are more effective for differentiating between these groups than are other cognitive measures of executive functions, attention, constructional ability, or psychomotor speed (Bondi et al., 1999; Lange et al., 2002) . These results suggest that a preclinical phase of detectable cognitive decline (Bondi et al., 1999; Lange et al., 2002) may precede clinical diagnosis of AD by several years, suggesting corresponding changes in underlying brain functions in nondemented older adults at risk for AD by virtue of the APOE ε4 allele Han et al., 2007) . Notably, these cognitive declines and functional changes in APOE ε4 carriers tend to become most evident after age 65 (Jorm et al., 2007; Mondadori et al., 2006b) , suggesting that the negative effects of the APOE ε4 allele accelerate with age. In fact, young adult ε4 carriers may demonstrate more efficient neural processing as evidenced by better episodic memory performance and reduced learning-and retrievalrelated activity (Mondadori et al., 2006b) .
Given that the earliest neuropathologic changes resulting from AD occur in the MTL that support memory encoding (Squire, 1992) , and episodic memory complaints are among the first cognitive symptoms of AD, the majority of fMRI studies have investigated neural substrates of episodic memory encoding, recall, or recognition in genetically at-risk adults. In general, these fMRI studies have found increased BOLD brain response in the MTL during episodic learning tasks in non-demented adults with versus without the APOE ε4 allele, consistent with a compensatory response during learning (e.g., over-recruitment of typical brain resources to achieve comparable levels of memory-related performance in the face of incipient cortical compromise) Bookheimer et al., 2000; Dickerson et al., 2004 Han et al., 2006) . In addition, regardless of the nature of the stimuli (e.g., verbal, pictoral, etc.), laterality effects have been reported within the MTL whereby ε4 carriers not only activate the right hippocampus to a greater degree than the left hippocampus Han et al., 2007) , but the right hippocampus has been shown to be less sensitive to the distinction between familiar and novel items (e.g., does not show the expected reduction in activity for familiar items; Lind et al., 2006b) . Given evidence that the hippocampus functions as a novelty detector (Roberts et al., 1962; Vinogradova, 2001) and that AD pathology targets regions of the medial temporal lobe including the entorhinal cortex and hippocampus through the accumulation of β-amyloid plaques and neurofibrillary tangles (Braak & Braak, 1991) , neural dysfunction within the medial temporal cortex likely contributes to abnormal novelty detection seen in APOE ε4 carriers (Lind et al., 2006b) .
Notably, increased activity is not restricted to the MTL but appears to extend to other cortical regions. For instance, Bookheimer et al. (2000) reported greater extent and intensity of activity in the temporal and frontal regions in the APOE ε4 group compared to the non-ε4 group during encoding and recall compared to rest. In another study, Wishart et al. (2006) demonstrated equivalent performance on an auditory verbal working memory task, ε4 carriers nonetheless demonstrated greater activity in the medial frontal and parietal regions bilaterally and in the right dorsolateral prefrontal cortex compared to non-ε4 peers. Similarly, during a visual working memory task, another study showed increased frontal and cingulate gyri activity in ε4 positive adults (Filbey et al., 2006) .
Despite the majority of evidence showing increased BOLD response in the MTL, frontal, and parietal regions in APOE ε4 adults, an upsurge in activity does not occur uniformly throughout the brain, and several regions have been shown a decrease in BOLD response in genetically at-risk adults. For example, Lind et al. (2006a) reported decreased functional brain activity in cortical regions including the inferior parietal cortex, and bilateral anterior cingulate region during a semantic categorization task. Notably, gene-dose effects were also found, whereby ε4 homozygotes showed greater reduction in BOLD response compared to their heterozygote peers. Additionally, no difference was found between ε3 and ε4 carriers on a modified digit-span (forwards) working memory test, suggesting that perhaps the substrates of attention remain intact in at-risk adults (Burggren et al., 2002) .
Taken together, these findings suggest a functional deterioration of the hippocampal system for encoding new information as well as recognizing previously encountered stimuli as familiar can be identified in presymtomatic adults at genetic risk for developing AD as an upsurge in BOLD response. These functional changes may reflect early hippocampal pathology consistent with findings of greater right hippocampal volume loss in APOE ε4 carriers (Tohgi et al., 1997) .
Functional MRI of cognitively intact at-risk adults with a positive family history of Alzheimer's disease A positive family history of AD in a first-degree relative is known to increase the prevalence of neurofibrillary tangles and amyloid plaques (Fratiglioni et al., 1993) in older adults. The presence of one first-degree relative with AD approximately doubles the individual's lifetime risk of AD whereas the presence of two or more family members with AD may increase risk by eight-fold (Devi et al., 2000; Fratiglioni, 1993; van Duijn et al., 1991) . Although the biologic mechanisms of late-onset sporadic AD risk associated with a positive family history are not well understood, a recent study reported that 45% of adult children of AD patients possessed the ε4 allele (Sager et al., 2005) , indicating that familial history and APOE ε4 genotype co-occur. One recent study found that first-degree family history of AD ( +FH) was associated with an increased risk of dementia only in adult ε4 carriers over the age of 75 (Huang et al., 2004) . For instance, ε3/3 homozygotes with a +FH have a 30% chance of developing AD, whereas ε3/4 heterozygotes with a +FH have a 46% lifetime risk and ε4/4 homozygotes with +FH have a 61% likelihood of developing AD . Cognitively, several studies have shown that nondemented older adults with a positive family history for AD perform significantly worse than those with a negative family history on tests of episodic memory (Bondi et al., 1994; Caselli et al., 2004; La Rue et al., 1992; Levy et al., 2004) .
In a large sample of asymptomatic offspring of autopsyconfirmed late-onset familial AD cases, Bassett et al. (2006) found greater extent and magnitude of BOLD response in the frontal and temporal lobes including the hippocampus during auditory paired-associates memory encoding but decreased activity in the thalamus and anterior and posterior cingulate during recall compared to an age-matched control group despite comparable behavioral performance. Notably, 39% of the at-risk adults and 22% of the control subjects possessed at least one ε4 allele. However, no differences were found for comparisons of ε4 carriers to non-ε4 carriers with respect to FH, though the possibility of an interaction of FH and APOE status was not discussed. However, when the role of APOE genotype was examined within a sample of middleaged adults, all of whom had a +FH, ε4 carriers displayed reduced activity in the right hippocampus and MTL compared to ε3 homozygote peers during an encoding novelty detection task . In a similar novelty detection study comparing high-risk ( +FH, ε4 carrier) and low-risk (-FH, non-ε4 carrier) middle aged adults during verbal paired associate learning, we reported that high-risk adults demonstrated increased activity in the right posterior middle temporal area, left lingual area, and bilateral anterior cingulate for the comparison of novel versus repeated words (Fleisher et al., 2005) . No group differences were found for this comparison in bilateral hippocampal and parahippocampal regions of interest, although when novel words were compared to a resting fixation, high-risk adults demonstrated greater activity in the left parahippocampal gyrus. When high-risk adults ( +FM, ε4 carriers) were compared to a low-risk middle aged group (−FH, non-ε4 carriers) on language tasks (verbal fluency, object naming), the high-risk group showed increased activity in the left parietal lobe (verbal fluency) but reduced activity in the inferotemporal cortex during object-naming (Smith et al., , 2002 ) with greater longitudinal decline. Unfortunately, performance during scanning was not monitored.
Interpretation of these studies is complicated by the assumption that possession of multiple AD risk factors act in concert resulting in additive disruptive effects. In response to such concerns, recent attempts have been made to clarify the relative contribution of the APOE ε4 allele and positive family history. For example, Johnson et al. (2006) found greater response to novel items in the MTL and fusiform gyrus in adults with a −FH (collapsed across APOE genotype). The −FH ε4 carriers showed greatest signal change in the hippocampus and the ε4 carriers with a +FH demonstrated the least signal change during novel versus learned picture detection, suggesting that FH may modulate the effect of APOE ε4 in middle age adults. Unfortunately, the ability to integrate these genetic findings with the broader APOE literature that does not take into account familial history effects is limited by the fact that studies of family history tend to include younger samples, thereby neglecting the aging component. Given that age is the strongest risk factor for the development of AD (Kawas & Katzman, 1999) , genetic risk factors for AD may interact with age, and conceivably their negative effects on MTL function may accelerate with age.
Functional MRI in at-risk adults with mild cognitive impairment Mild cognitive impairment is thought to represent a transitional stage between healthy and pathological aging and has been posited to represent a prodromal phase of AD. The original MCI classification of Petersen et al. (1995 Petersen et al. ( , 1999 has been modified since its initial characterization and currently conceptualizes MCI as a heterogeneous construct (Petersen & Morris, 2005) . Specifically, current views hold that the original construct of the amnestic MCI subtype may not characterize all of the prodromal states of dementia, and therefore recent diagnostic criteria divide MCI into two main subdivisions of amnestic and nonamnestic MCI with further subclassifications into single-or multi-domain categories (Petersen & Morris, 2005) . These subtypes are thought to aid the determination of the proposed etiology of cognitive decline. For example, conversion from single domain amnestic MCI to AD ranges from 12% to 15% per year (Petersen et al., 1999) , whereas multiple domain MCI may signal concomitant vascular compromise. Recent structural neuroimaging and PET imaging of amyloid deposition using the [(11)C] PIB-ligand provide support for differential underlying neuropathology of these MCI subtypes (DelanoWood et al., 2006; Frisoni, 2007; Small et al., 2006) .
Despite the fact that amnestic MCI may represent prodromal AD, relatively few studies have investigated functional changes in MCI using fMRI, let alone attempted to distinguish between the proposed subtypes. Thus, it is not surprising that the majority of fMRI studies of MCI involve memory processes. Investigations of the MTL generally demonstrate that less impaired MCI subjects show increased BOLD response in the hippocampus compared to control groups, whereas more impaired MCI subjects demonstrate decreased BOLD response similar to the levels observed in mild AD patients (Celone et al., 2006; Dickerson et al., 2004 Hamalainen et al., in press; Johnson et al., 2006; Machulda et al., 2003) . For instance, Dickerson et al. (2004) reported a positive correlation between extent of parahippocampal and hippocampal activation with memory performance in MCI but, in a paradoxical fashion, found that greater clinical impairment, as determined by the Dementia Rating Scale, was associated with recruitment of a larger region of the right parahippocampal gyrus during encoding. Johnson et al. (2004) provided further evidence for hippocampal dysfunction in MCI, whereby a reduction in hippocampal adaptation during repetition of a picture encoding task was found in an amnestic MCI group with compromised learning (Johnson et al., 2004) , suggesting that adults with MCI do not habituate to increasingly familiar items in the same manner as healthy older adults who show expected reductions in BOLD response to repeated items over time.
However, upsurges in BOLD response appear to be regionally specific to the MTL in MCI patients. Cortical findings indicate greater memory-related deactivation (e.g., reduction in brain activity) in medial and lateral parietal regions in less impaired MCI adults and a loss of deactivation in more impaired MCI and mild AD adults (Celone et al., 2006) . In fact, a "default mode network" has been identified comprising regions with a high resting state metabolism including the medial frontal, medial parietal, and posterior cingulate cortex to explain decreases in brain activity that occur during task performance (Greicius et al., 2003; Raichle et al, 2001; Rombouts et al., 2005a) . Essentially, it has been argued that regions in the default mode network in healthy adults are more involved during resting states due to engagement in attending to environmental stimuli, reviewing past knowledge and planning of future behavior, spontaneous semantic processing and allocation of resources to perform a task. Alterations in the default mode network have been reported in both MCI and AD patients (Rombouts et al., 2005a) in the anterior frontal regions, whereby MCI patients show deactivation in the same network but to a lesser degree as the AD patients (Greicius et al., 2004; Lustig et al., 2003; .
Functional MRI patterns of activity associated with Alzheimer's disease
In order to determine whether such functional changes in at-risk adults represent an endophenotype specific to AD, an understanding of the functional changes in clinically evident AD is necessary. Indeed, there is mounting evidence that Alzheimer's disease represents a cortico-cortical disconnection syndrome. Anatomically, neurofibrillary tangle pathology has shown a strong predilection for cortical layers and cell types of the entorhinal cortex that disconnect the hippocampus from neocortex, affecting cortical connections within and between limbic and neocortical regions (Festa et al., 2005) . Similarly, neurofibrillary tangles in pyramidal neurons in layers III and V selectively disrupt functionally related cortical association areas. Given these findings, it is plausible that changes in functional activity seen during memory performance in at-risk adults may reflect early evidence of a breakdown in the communication between the medial temporal lobe and neocortex.
Therefore, it is not surprising that, in general, patients with AD show reduced MTL activity Gron & Reipe, 2004; Machulda et al., 2003; Pariente et al., 2005; Rombouts et al., 2000; Small et al., 2000b; Sperling et al., 2003) . Notably, Golby et al. (2005) reported a graded deficit in activity along the ventral visual stream approaching the hippocampal complex, consistent with increasing cortical disconnection between the medial temporal lobe and its posterior afferents. Similarly, examined extent versus magnitude of activity in AD patients and healthy elderly subjects with and without memory complaints and found adults with memory complaints had increased activity in the hippocampus and entorhinal cortex compared to adults without memory complaints and AD patients showed reduced activity in these MTL regions compared to both healthy groups.
Alternatively, more diffuse cortical activity has been shown in AD patients in additional regions such as the lateral temporal lobe for semantic memory (Grossman et al., 2003) , occipital lobe for visuospatial processing (Kato et al., 2001; Small et al., 1999; Corkin et al., 1997) , left inferior frontal gyrus and right prefrontal cortex during semantic decision-making (Johnson et al., 2000; Saykin et al., 1999) , and bilateral frontoparietal regions during associative memory (Pariente et al., 2005) . Several studies have interpreted increased cortical activity in AD to reflect engagement of topdown attentional systems to improve performance (Backman et al., 1999; Becker et al., 1996; Pariente et al., 2005; Saykin et al., 1999; Woodard et al., 1998) since there tends to be a selective recruitment of frontal and parietal regions. However, altered prefrontal activity has not been linked to performance in these studies, and there are some reports of decreased prefrontal activity during retrieval in AD patients Fig. 2 Proposed model of nonlinear trajectory of brain activity alterations during the evolution of Alzheimer's disease in several brain regions according to literature reviewed in the text. CI e4 = cognitively intact e4-carrier; mAD = mild Alzheimer's disease; mMCI = mildly impaired mild cognitive impairment; MTL = medial temporal lobe; sMCI = more severely impaired mild cognitive impairment; NC = normal control despite equal performance to their healthy peers (Corkin et al., 1997) . Johnson et al. (2000) also found that greater brain atrophy corresponded to increased brain activity in the left inferior frontal gyrus in AD patients during an auditory semantic decision task. Discrepant findings in the AD literature likely reflect differences in cognitive task demands, level of performance, cognitive reserve capacity, or stage of AD. Alternatively, as seen in the MCI literature, functional activation may be bimodal, increasing with a slight or moderate neuronal dysfunction and decreasing with greater disease progression, as the cortical neuronal networks become more severely impaired, as in the entorhinal cortex (Masdeu et al., 2005) . Figure 2 presents a proposed model of the nonlinear trajectory of alterations in brain activity along the spectrum of disease risk in the medial temporal lobe, frontal lobe, and inferior posterior regions based on a review of the literature.
Although the majority of fMRI studies have compared regional activation between AD and healthy control groups, perhaps an even more relevant neuroimaging finding to the clinical utility of fMRI relates to differences in the dynamics of the BOLD response in AD. Specifically, there appears to be an increasing delay of the BOLD response along the continuum from normal aging to MCI to AD (Rombouts et al., 2005b) , especially in the occipital lobe during a face encoding task, providing additional support that MCI reflects a transitional period between normal aging and dementia (Rombouts et al., 2005b) . In fact, AD patients demonstrated altered BOLD response in widespread areas. Taken together, results auger for the incorporation of analyses of BOLD dynamics (e.g., time to peak, post-stimulus undershoot) in patient populations in addition to traditional comparisons of regional differences in BOLD response.
Assessment of the clinical utility of fMRI to identify preclinical Alzheimer's disease
Given that functional differences often occur in the absence of volumetric loss in at-risk asymptomatic adults (Bassett et al., 2006; Bondi et al., 2005; Reiman et al., 1996 Reiman et al., , 1998 , functional assays may be more sensitive to early biomarkers that precede cognitive decline. That being said, there is a strong need for sensitive, standardized, validated, and reliable fMRI techniques to identify patterns of brain response at the individual subject level that heralds preclinical dysfunction. To achieve clinical applicability, fMRI techniques must also demonstrate prognostic value. Unfortunately, several methodological issues clearly present a challenge to the clinical utility of fMRI in preclinical AD, given that differences in methodology across studies can account for discrepant findings in the literature. Such methodological issues include task selection and baseline comparisons, performance confounds, and the ability to translate group findings to single-subject designs due to the paucity of longitudinal and case-study designs. These methodological issues will be briefly highlighted before we conclude with a discussion of future directions for fMRI in clinical settings.
Task selection and baseline comparison
The clinical utility of fMRI to detect early preclinical changes depends on the ability to sensitively and reliably identify "signatures" of brain response at the individual subject level. Since such signatures are expected to be taskdependent (e.g., upsurge in BOLD response in MTL during encoding), selection of the appropriate task depends on identifying the cognitive process of interest and choosing a sensitive yet specific task to elicit the cognitive function. It remains unclear whether the best approach is to challenge the neural substrates that may be compromised by the early disease process or to elicit cognitive functions expected to remain relatively preserved early in the course of the disease. In general, the tendency has been to examine aspects of memory or encoding thought to reside in the medial temporal lobe and therefore likely more susceptible to early disruption, although evidence of cortical changes may be equally informative.
Currently there is no consensus regarding the optimal task-baseline comparison to use in preclinical AD. Trivedi et al. (2006) argue that an active baseline is more beneficial in light of several problems associated with a resting baseline (e.g., inability to control mental processes, demonstrations of increased activity during rest). To complicate matters, resting state activity may be disrupted in MCI and AD (Greicius et al., 2003; Greicius et al., 2004; Rombouts et al., 2005a; . However, when attempting to elicit a response in a compromised brain, we have previously found that a less constrained baseline task is preferred in order to increase sensitivity to the BOLD response in traditional cognitive subtraction paradigms, especially when statistical power is limited due to single-case studies (Peck et al., 2004) . However, in some cases the comparison between levels of a cognitive task can be quite informative. For example, several fMRI studies comparing novel and familiar items report reductions in the expected differential brain response, suggesting decreased ability to distinguish novel from familiar, which may be an important distinction regarding hippocampal functioning. Consistent with Peck et al. (2004) , these same studies report increased brain response when comparing novel items to fixation (Fleisher et al., 2005) .
Assessment of performance
Although it has been common practice to challenge the MTL, given its primacy in the pathologic decline in AD, this raises the question of whether decreased performance drives group differences in brain response. Strategies to avoid the potential confound of performance differences include incorporation of tasks that AD patients can still perform accurately or selectively including only accurate trials in data analysis. For example, in a study by Gould et al. (2005) , after matching performance across groups by examining only successful encoding and retrieval attempts with adjustment for task difficulty on an individual basis, thereby equating group performance and relative levels of difficulty, no group differences were found. However, across groups the BOLD response increased linearly with task difficulty.
Need for case studies and longitudinal study designs
The applicability of fMRI to clinical practice relies on the ability to translate findings from group studies to individual patients. Surprisingly, although fMRI case studies are relatively prevalent across other neurological disorders (e.g., stroke), there is a paucity of fMRI case studies in the Alzheimer literature. However, in an elegant design that investigated five nondemented family members at genetic risk for the development of familial AD, two of whom were carriers of the PSEN1 mutation (C410Y), and 21 control participants, Mondadori et al. (2006a) reported alterations in functional activity on the single-subject level ostensibly decades before the clinical manifestations of AD are apparent. Specifically, of the two carriers of the PSEN1 mutation, the younger adult (age 20) demonstrated subtle episodic memory problems and the middle-aged adult (age 45) met criteria for MCI. Consistent with previous group studies, the younger mutation carrier demonstrated increased, whereas the middle-aged mutation carrier showed decreased, brain activity within memory-related neural networks specific to episodic learning and retrieval but not working memory (Mondadori et al., 2006a) .
Similarly, since the functional correlates in asymptomatic adults at risk for AD are not yet agreed upon, the study of such patterns of activation as prognostic indicators for AD necessitates a longitudinal process to follow the progression or conversion of these signatures to classic phenotypes of AD in order to achieve prognostic value . At this point, the longitudinal component of most fMRI studies involves relating future cognitive changes back to a previously acquired functional scan. Notably, these studies have demonstrated some predictive power in the ability to detect patterns of activity that correspond to eventual cognitive decline (Bookheimer et al., 2000; Dickerson et al., 2004; Lind et al., 2006a; Smith et al., 2005) . As techniques for increasing the reliability of the fMRI signal at an individual subject level and equating sensitivity of signal detection across scans continue to be developed, it is anticipated that longitudinal studies at the individual-subject level will become more feasible.
Future directions
In a recent consensus paper reviewing neuroimaging tools to assist dementia diagnosis (Frisoni et al., 2006) , it is remarkable that fMRI was not presented or discussed. Rather, the review focused on structural volumetric techniques, perfusion, and CSF biomarkers (e.g., tau and amyloid ß proteins). This omission perhaps highlights the nascent state with which fMRI is regarded and uncertainty over fMRI's value-either alone or in combination with other techniques-in the early identification of AD. Determining fMRI's added value visa-vis existing neuroimaging techniques will continue to be an important area of research. In addition, as fMRI begins to gain acceptance, further clarification of the evolution of brain and behavioral signatures of preclinical AD through the use of fMRI combined with other techniques as well as with expanded use in additional risk factors will be needed.
Combining BOLD-fMRI with arterial spin labeling One promising area for future efforts entails the use of arterial spin labeling/blood oxygen level dependent [ASL/BOLD] imaging in order to advance our ability to understand the unique features associated with the development of AD in those at risk. With the increasing application of fMRI techniques to the study of AD, there is a growing need for quantitative measures that can more accurately reflect neural activity and its antecedent changes during the preclinical period. fMRI using ASL/BOLD requires the acquisition and joint analysis of quantitative measure of functional cerebral blood flow and BOLD response to a functional stimulus like episodic memory encoding and a separate hypercapnic challenge (such as a CO 2 inhalation task) and may be most useful to address the confounds of using BOLD measures alone to characterize brain function in older adults at risk for AD.
Most fMRI studies-including our own-treat the BOLD response as an indirect qualitative measure of neural activity and interpret BOLD signal differences as differences in neural activity. However, the BOLD signal reflects local changes in deoxyhemoglobin content, which in turn exhibits a complex dependence on changes in cerebral blood flow (CBF), cerebral blood volume (CBV) and the cerebral metabolic rate of oxygen consumption (CMRO 2 ) (Buxton et al., 2004) . Of these quantities, CMRO 2 is thought to be most tightly linked to neural activity, reflecting the notion that neurons necessarily expend energy to accomplish their work (Hyder, 2004) . The positive BOLD response observed in most fMRI experiments reflects the fact that CBF increases relatively more than CMRO 2 , so that local capillary and venous blood are more oxygenated during increased brain activity. In general, the actual amplitude of the BOLD response reflects a delicate balance between the relative increases in CBF and CMRO 2 (Brown et al., this issue) .
Factors that affect the coupling between CBF and CMRO 2 -as is possible with the degenerating AD brain or cerebrovascular changes or both-may therefore alter the BOLD response even when neural activity is unchanged. For example, there is growing evidence that changes in the cerebrovascular system due to age and disease can significantly alter the BOLD signal and complicate its interpretation (D'Esposito et al., 2003) . Age-related factors include altered cerebrovascular ultrastructure, reduced elasticity of vessels, increased atherosclerosis, reduced resting state CBF, decreased resting CMRO 2 , and reduced vascular reactivity to chemical modulators (Bentourkia et al., 2000; Claus et al., 1998; D'Esposito et al., 2003; Kawamura et al., 1993; Markus et al., 2001; Takada et al., 1992; Yamaguchi et al., 1986; Yamamoto et al., 1980) . In fMRI studies of the effects of aging, researchers have found a significant age-related decrease in the BOLD signal amplitude (Buckner et al., 2000; Gopinath et al., 2006; Tekes et al., 2005) , possibly reflecting age-related decreases in the elasticity of the cerebrovascular system (D'Esposito et al., 2003; Uspenskaia et al., 2004 ).
As reviewed above, studies of nondemented older Han et al., 2007) or middle-aged adults (Fleisher et al., 2005) have demonstrated BOLD response differences by APOE genotype, positive family history of AD , or MCI (Dickerson et al., 2004 Johnson et al., 2004) . For example, we have found that nondemented older adults with the APOE ε4 genotype exhibit an increased BOLD response in comparison to matched non-ε4 counterparts Han et al., 2007) , whereas decreased MTL activity has been reported in poorer performing adults with MCI or AD. Increases and/or decreases in BOLD response can be explained by changes both in neural activity or in cerebrovascular functioning. A straightforward interpretation of these findings is shown in Fig. 3 . The top row of Fig. 3 demonstrates that a compensatory increase in neural activity in combination with normal coupled increases in both CBF and CMRO 2 , results in an increase in the BOLD response. However, in the face of altered neurovascular coupling or impaired CBF response, a decrease in the BOLD response may be seen. Alternatively, a decrease in neural activity along with normal coupling of CBF and CMRO 2 may lead to a decrease in BOLD response whereas a decrease in neural activity and with normal coupling of CBF but lower baseline CBF would lead to an increase in the measured BOLD response (Fig. 3, row 2) . Other interpretations of the increased BOLD response that do not necessarily relate to neural activity are also plausible. As an example, the third row shows another scenario in which an increase in vasoreactivity leads to a relatively greater percent change in CBF with relatively little change in neural activity and change in the CMRO 2 ; this combination would also lead to an increase in the BOLD response. Finally, the fourth row shows a scenario in which baseline CBF is reduced, leading to an increase in the baseline deoxyhemoglobin content. In this case, if percent change in CBF and CMRO 2 were relatively unaffected, an increase in BOLD signal would also be seen.
Therefore, ASL/BOLD imaging would have the potential to identify each of these components to the hemodynamic response function and thereby provide a more complete accounting of the functional changes occurring in specified brain regions during the performance of cognitive or other tasks. With these combined measures, one could begin to characterize the impact of advancing age, MCI, genetic risk, cerebrovascular compromise, etc., on the CMRO 2 response to a cognitive function such as episodic memory. In short, quantitative fMRI with combined ASL/BOLD can address questions that cannot be answered with BOLD measures alone .
Combining BOLD-fMRI with diffusion tensor imaging On its own, fMRI offers considerable promise as a noninvasive technique for detecting early functional brain changes in AD. However, the functional neuroanatomy of preclinical AD could also be explored more comprehensively if the integrity of neural connectivity between active cortical regions could also be incorporated. Diffusion tensor imaging (DTI) provides a useful tool for assessing microstructural changes in white matter, and the combination of fMRI with DTI would provide valuable complementary information in establishing the cortical networks-and their anatomical connections-mediating associative encoding. Valdés-Sosa, Kötter, and Friston (2005) "comparison of in vivo diffusion MRI-based tractography information with physiological connectivity measures in the same subjects has not been carried out systematically" and suggest this as a promising new direction. For example, within the area of memory, much of the research on the anatomical substrates of memory dysfunction in AD risk has rightly focused on the integrity of gray matter structures (e.g., hippocampus, association cortices), although there is increasing recognition of the importance of white matter changes as well. Baxter et al. (2006) demonstrate that global cognitive decline in AD relates to both gray and white matter reductions, and Stoub et al. (2006) have shown that specific white matter volume decreases in the parahippocampal region contribute to memory decline. Diffusion tensor imaging is another MRI technique that shows high sensitivity for detecting microscopic structural changes in white matter and holds promise for the early detection of AD. For example, researchers have shown that assessing microstructural changes in white matter with DTI may be more sensitive to the detection of early AD than macrostructural measures of brain volume alone (Kantarci et al., 2005; Muller et al., 2007; Persson et al., 2006; Rose et al., 2006) . Relatively few studies have used DTI to characterize the microstructural white matter changes that occur in those at risk for AD (cf. Medina et al., 2006; DelanoWood et al., 2007) , and none of these prior efforts have correlated diffusion parameters with fMRI. Nevertheless, a growing number of studies demonstrate that the combined use of fMRI and DTI to characterize structure-function relationships in visual (Toosy et al., 2004) and motor systems (Guye et al., 2003) , as well as higher-order cognitive systems such as attention (Madden et al., 2006) and encoding (Takahashi et al., 2007) is possible.
No study has yet combined both imaging approaches to compare fMRI activity with alterations in white matter integrity in those at risk for AD, and future research designed to combine these measures in an effort to correlate conditions in the underlying brain substrata with risk factors for early cognitive decline in AD could provide important new information. For example, is the BOLD-fMRI response to episodic memory encoding constrained by white matter disconnectivity between the subserving cortical regions involved? It may be the case that white matter integrity between active cortical regions will mediate risk-related increases in activation in an encoding network or identify ways in which such a network is faulty.
Combining BOLD-fMRI with novel methods to identify AD risk Aside from fMRI techniques, future efforts may also benefit from other genetic and behavioral susceptibilities by which to identify older adults who may later convert to AD. Expansion of fMRI studies with newly identified risk factors for AD could provide for important new as well as confirmatory findings to the studies reviewed. For example, our research group has also characterized risk groups and those who convert to AD through the use of cognitive discrepancies between pairs of tests, rather than through traditional methods of analyzing overall group means on individual cognitive tasks Jacobson et al., 2002 Jacobson et al., , 2005a Wetter et al., 2005 Wetter et al., , 2006 . Although the episodic memory decline described above appears to be one of the most salient markers of preclinical AD, our group has also shown that mild asymmetric cognitive decline may also detect preclinical AD. In an initial case-control study, we (Jacobson et al., 2002) demonstrated that the initial presentation of cognitive deficits in AD may have asymmetrical involvement as a common feature (i.e., language decrements significantly greater than visuospatial decrements, or vice versa). Measures of asymmetric cognitive profiles were derived using difference scores on tests of verbal and visuospatial ability. Although both groups performed similarly on the individual cognitive tests (i.e., mean score analyses between groups), the use of difference scores measuring asymmetric cognitive performance yielded consistent evidence of subtle differences in cognition in a subgroup of preclinical AD patients. The preclinical AD group showed significantly larger discrepancies between naming and visuoconstructive skills relative to matched control participants, and a higher frequency of asymmetric cognitive profiles compared to a larger normative group.
We have further demonstrated such cognitive discrepancies on tests of auditory and spatial attention (Jacobson et al., 2005b) , verbal and design fluency , global versus local item processing (Jacobson et al., 2005a) , response inhibition and cognitive flexibility (Wetter et al., 2005) , as well as heterogeneity in verbal memory (Wetter et al., 2006) . Taken together, this line of research suggests that cognitive discrepancy measures not only appear to be a useful method for identifying individuals at risk for cognitive deficits, but they also show promise in predicting those who decline. Therefore, utilization of cognitive discrepancieseither alone or in combination with other risk factors-may yield important improvements in the positive predictive value of conversion to AD and thus would be of interest for fMRI efforts in this area. For example, we would expect that cognitive asymmetries might correspond to hemispheric asymmetries in structure or function and, when both are present, improvements in prediction of conversion to AD might result than either alone.
Brief case example
To demonstrate the feasibility of performing quantitative fMRI in the MTL and to examine whether age-related differences exist in the decoupling of the CBF and CMRO 2 ratio, we performed a preliminary study in which we extended an fMRI episodic memory encoding experiment to include a hypercapnic task (three minutes of 5% CO 2 ; two repeats) on one young (age 40) and one healthy older adult (age 67) with a positive family history of AD. Participants performed a picture encoding task in which they viewed a series of novel and familiar landscape scenes, presented in a block design and Quantified CBF, BOLD (magnified 10 × ), and CMRO 2 responses to picture encoding in a young adult (gray) and an older adult (black). BOLD = blood oxygen level dependent; CBF = cerebral blood flow; CMRO 2 = cerebral metabolic rate of oxygen consumption repeated over three 4-minute runs. Data were also acquired at rest for quantification of baseline CBF. To calibrate the BOLD and CBF measurements, a 5% CO 2 challenge was administered consisting of two minutes of room air followed by three minutes of CO 2 and two minutes of room air for two runs. We used a breathing circuit for the hypercapnia study, in which the subjects breathed through a mouthpiece connected to a low-deadspace non-rebreathing valve (Hans Rudolph or similar). A three-way valve on the inspired limb of the circuit was used to switch between room air (0% CO 2 ) and CO 2 enriched gas (5% CO 2 , 21% O 2 , balance N 2 ). Inspired gas was dispensed into a small Douglas bag connected to the inspired limb of the breathing circuit. For each subject, a hippocampal region of interest was defined to include both the hippocampus and parahippocampal gyrus using a high-resolution anatomic T 1 -weighted image. From the combination of the CBF and BOLD responses to the memory encoding and hypercapnic tasks, we calculated estimates of the percent change in the cerebral metabolic rate of oxygen utilization in response to memory encoding and the neurovascular coupling ratio (n) using the method proposed by Davis et al. (1998) (see Brown et al., 2007, this issue for more details). As shown in Fig. 4 , the older adult demonstrated greater BOLD response, suggesting compensatory reserve. The increased BOLD response was observed, even though the two individuals showed similar percent change in the cerebral metabolic rate of oxygen utilization (% CMRO 2 ) and cerebral blood flow (% CBF) during picture encoding. The % CBF and % CMRO 2 results imply normal brain activation rather than a compensatory reserve. The apparently disparate findings between the BOLD results, on the one hand, and % CBF and % CMRO 2 , on the other, were due to differences in the proportionality constant, M, from the Davis deoxyhemoglobin dilution model (See Brown et al., 2007, Eq. (1)). The proportionally constant was 0.07 for the younger adult and 0.14 for the older adult.
Differences in M imply differences in baseline fractional blood volume or differences in baseline O 2 extraction fraction. According to the deoxyhemoglobin wash out model, BOLD contrast can give misleading information about the underlying metabolic activity of brain cells, when differences in baseline CBV or CMRO 2 are present. When baseline CBV or metabolism vary among individuals, % CMRO 2 might more accurately reflect brain activation. No agerelated differences were found in neurovascular coupling. The coupling factor between CBF and CMRO 2 changes (n = % CBF/% CMRO 2 ) was found to be 1.6 for both the younger and older adults. These values are in good agreement with typical values found in the hippocampus (Restom et al., 2007) and slightly lower than values found in quantitative fMRI studies of visual and motor cortices (Hoge et al., 1999; Stefanovic et al., 2005) . Taken together, these findings highlight the ambiguity of the BOLD response and bring to light the problems of interpreting fMRI data at the individual subject level without calibrated quantification, as several neurovascular variables can contribute to an increased BOLD response.
Summary
Practical considerations such as availability, accessibility, cost, and technical feasibility will continue to influence practitioners' decisions regarding the use of brain imaging techniques. The National Institute on Aging consensus conference meeting in 1998 defined the ideal characteristics of a diagnostic marker as ease of use, simplicity, and cost effectiveness. Clearly, the non-invasive nature and relatively high temporal and spatial resolution of BOLD-fMRI have made it an essential research tool for studies of the working human brain. Moreover, potential benefits of fMRI include the ability to detect disease-related changes in the brain and monitor their progression in vivo. Whereas structural neuroimaging modalities are well-equipped to detect pathologic anatomy, functional neuroimaging modalities such as fMRI may be better at identifying and assessing surrogate features of AD, such as possible compensatory upsurges in BOLD response in the MTL in asymptomatic adults with subsequent decrease in BOLD as clinical symptoms become apparent and worsen (Celone et al., 2006) . It has been argued that functional and structural changes identified by neuroimaging methods are more closely associated with cognitive symptoms than are histopathologic disease markers and therefore may serve as more sensitive correlates of ensuing cognitive decline. This may also serve to explain why level of AD plaque pathology, for example, is not well correlated with the clinical symptoms of AD (see Terry et al., 1999 , for discussion) and highlights the importance of examining and accounting for various contributions to cognitive reserve such as genetic factors, age, education, and co-morbid cerebrovascular pathology that may alter an individual's reserve capacity (Wolf et al., 2003) . This poor association between plaque pathology and cognition will also have important bearing on emerging PET amyloid imaging techniques (Edison et al., 2007; Small et al., 2006) and their ability to accurately predict those individuals who will later convert to AD. What is clear is the multitude of risk factors and neurodegenerative and neuroprotective factors co-occurring in the degenerating brain of an individual with AD and fMRI appears well positioned to provide one of the most complete accountings of the brain and behavioral changes during this dynamic period.
